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METHODS AND COMPOSITIONS FOR ALTERING TEMPERATURE SENSING IN

EUKARYOTIC ORGANISMS

FIELD OF THE INVENTION

H2A.Z-containing nucleosomes mediate the thermosensory
response in eukaryotes and modifications to H2A.Z alter this

response.

BACKGROUND OF THE INVENTION

Sessile organisms, such as plants, continually sense
environmental conditions to adapt their growth and
development. Temperature varies Dboth diurnally, which 1is

important for entraining the clock (Michael et al., 2008;
Salome and McClung, 2005), as well as seasonally, providing
information for the timing of reproduction (Heggie and
Halliday, 2005; Samach and Wigge, 2005; Sung and Amasino,
2005). Extremes of temperature represent a significant stress
for plants, and are a major factor 1limiting global plant
distribution (Mittler, 2006). The sensitivity of plants to
small changes 1in temperature 1is highlighted by significant
changes in flowering time (Fitter and Fitter, 2002) and
distributions of wild-plants that have occurred in the last
100 years due to climate change (Kelly and Goulden, 2008;
Lenoir et al., 2008; Willis et al., 2008). Projected increases
in mean global temperature, as well as extremes of temperature
in the next 100 years, are significantly larger than what has
occurred so far, suggesting significant future disruption to

wild plants and crops.

Plants must constantly respond to changes in the environment
whilst maintaining developmental and growth processes if they
are to survive into the next generation. A complex network of

signals from temperature and light must correctly converge to
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achieve successful development, through vegetative to
reproductive growth. Temperature can be thought of as an
environmental factor that ©provides Dboth '"inductive' and
'maintenance’ signals in development. It can stimulate
developmental processes such as seed dormancy release,
germination, vernalization and flowering. Thus, being able to
control how a plant perceives temperature 1is desirable. The
responses of organisms to temperature, particularly in crop
plants, are often detrimental, and the targeted alteration of
these responses may improve the yield, quality and
predictability of crops. For example grain-fill in wheat and
rice is particularly sensitive to high temperatures.
Preventing a heat shock response in the developing grain would
protect grain composition and quantity from being perturbed by
a high temperature stress response. High temperature stress
responses have been selected for in evolution and breeding in
order to maximise embryo survival, but these responses are
detrimental to grain quality. This is already a major cause of
reduced wheat and rice yields during hot summers, and these

problems will be exacerbated by future climate change.

Additionally many crops flower or Dbolt prematurely when
exposed to high or low temperatures (for example sugar beet,
lettuce, onions, cabbage and broccoli), which is a major cause
of crop loss. Specifically controlling the flowering responses
to temperature in such crops 1s desirable. Furthermore,
reducing temperature sensitivity may enable a more uniform
development within a crop, which 1is important, since it
enables farmers to schedule harvests reliably and optimises
crop yield and quality. Additionally, many harmful eukaryotic
micro-organisms use temperature perception as a signal to
induce pathogenesis, for example Histoplasma capsulatum and
Candida albicans (Nguyen and Sil, 2008). The ability to
selectively perturb temperature perception in these organisms

would provide means to prevent pathogenesis.
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Temperature sensing in eukaryotes is a complex process that is
not yet fully understood. In plants, factors that are involved
in temperature sensing include <calcium signalling and low

temperature is known to change membrane fluidity.

Genetic information within the eukaryotic <cell nucleus 1is
organized in a highly conserved structural polymer, the
chromatin, which supports and controls crucial functions of
the genome. The Dbasic unit of chromatin is the nucleosome,
which contains DNA wrapped around a histone octamer. Core
histones H2A, H2B, H3, and H4 have a highly structured core
domain involved in intranucleosomal histone-histone
interactions and unstructured N- and C-terminal tails that
extend outside of the nucleosomal core, and they interact with
other nucleosomes and with nonhistone proteins. These tails
are subject to a number of post-translational modifications,
such as acetylation, methylation, phosphorylation, and
ubiquitination. The organization of DNA into chromatin is
inhibitory to all the processes that need DNA as a template,
such as replication, transcription, recombination, and repair.
There are a number of mechanisms by which chromatin structure
and composition can be manipulated to facilitate these events.
These include post-translational modifications of histones.
These modifications can alter DNA-histone interactions within
and between nucleosomes and, thus, affect higher-order
chromatin structures. Another mechanism of modulating
chromatin structure 1is carried out by multisubunit ATP-

dependent chromatin remodelling complexes.

In addition to genes encoding the core histone H2A, the
eukaryotic genome contains genes referred to as H2A variants,
which have a different protein sequences from core H2A.
Histone variants play critical roles 1in chromatin structure
and function and are implicated in a wvariety of cellular

activities, such as regulation of transcription, DNA repair,
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chromosome X inactivation, and heterochromatin formation.
H2A.Z variants are highly conserved from Saccharomyces
cerevisiae to human. H2A.Z variants have also been identified

in plants.

In summary, being able to control temperature regulated
responses 1in plants 1s of major importance 1in controlling

yield, in particular in view of climate change.

Moreover, being able to regulate temperature responses in

other eukaryotic organisms, such as yeast is also desirable.

We have identified methods and compositions which are aimed at

meeting this need.

SUMMARY OF THE INVENTION

We have shown that temperature responses in eukaryotic cells
are mediated by the presence of H2A.Z in the nucleosome, and
we disclose herein ways in which temperature perception may be
specifically altered to optimise responses of plants, yeast,
fungi or other eukaryotic organisms. We have found that
H2A.Z-containing nucleosomes represent the major node of
regulation of responses to temperature and to temperature

changes in plants.

We have demonstrated that the gene transcription of
temperature responsive genes is coordinated by H2A.Z-
containing nucleosomes 1in plants. We have shown that the
presence of H2A.Z in the nucleosome decreases with an increase
in temperature, and that this effect is independent of
transcription. Without H2A.Z being present in the nucleosome,
plants display a constitutive warm temperature response,
developmentally and transcriptionally. Thus, the invention
relates to methods for altering temperature sensing in a
eukaryotic organism and to producing a eukaryotic organism

with altered temperature sensing. The invention also relates
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to methods for altering thermosensory responses in a
eukaryotic organism and to producing a eukaryotic organism

with altered thermosensory responses.

In a first aspect, the invention relates to a method for
altering temperature sensing in a eukaryotic organism
comprising modifying the presence or state of H2A.Z in the

nucleosome.

In another aspect, the invention relates to a method for
altering thermosensory responses in a eukaryotic organism said
method comprising decreasing the 1level of H2A.Z in said
organism or altering post-translational modification of H2A.Z

or a combination thereof.

In a third aspect, the invention relates to a method for
inhibiting the response of a eukaryotic organism to an
increase 1in ambient temperature comprising increasing the
presence of H2A.Z in the nucleosome or preventing release of
H2A.Z from the nucleosome, altering the state of H2A.Z, such
as post-translational modification of H2A.Z, or inhibiting

disassembly of the H2A.Z from the nucleosome.

In a fourth aspect, the invention relates to a method for
eliciting a warm temperature response in a eukaryotic organism
comprising inhibiting or decreasing the presence H2A.Z in the

nucleosome.

In another aspect, the invention relates to a method for
eliciting a cold temperature response comprising inhibiting or

decreasing the eviction of H2A.Z from the nucleosome.

In a further aspect, the invention relates to a method for
producing a eukaryotic organism that shows a constitutive warm
temperature response comprising inhibiting or decreasing the

presence H2A.Z in the nucleosome.
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The invention also relates to a method for producing a
eukaryotic organism that shows a constitutive cold temperature
response comprising inhibiting or decreasing the eviction of

H2A.Z from the nucleosome.

Other objects and advantages of this invention will be
appreciated from a review of the complete disclosure provided

herein and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1. HSP70 expression 1is an output of the ambient

temperature sensing pathway.

(A) Transcript profiling experiments show a robust

transcriptional response to changes in ambient temperature.

(B) HSP70 (black 1line, marked with an arrow) 1is induced
strongly with increasing ambient temperature. In contrast, the
other members of the HSP70 family genes (gray) require a heat

stress to be up-regulated.

(C) HSP70 (black 1line, marked with an arrow) has a uniform
linear expression pattern at various constant growth
temperatures, 1in contrast to the rest of the HSP70 family
(gray) . HSP70 1is therefore an excellent output of the

thermosensory pathway over a wide temperature range.

(D) HSP70::LUC in Arabidopsis mimics the endogenous HSP70
expression pattern in response to temperature. LUC transcript
analysis and 1live 1luciferase 1imaging of plants shifted to
17°C, 22°C and 27°C for two hours from 12°C show a temperature
dependent LUC expression and luciferase activity. LuC

transcript levels were normalised to UBQIO0.

(E) Identification of entrl through a forward genetic screen
as a mutant with enhanced temperature response at the seedling

stage (upper panel), this phenotype is present throughout the
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life cycle. Lower panel shows the HSP70::LUC expression in

adult wild-type and entrl plants.

(F) Transcript profiling analysis showing ARP6 gene expression
in WT and entrl. ARP6 transcripts were absent in entrl. The
bar represents normalised expression levels from the

microarray experiment.

(G) Complementation of entrl: a binary construct containing
the ARP6 genomic fragment including the native promoter and
coding regions (Pagps: :ARP6) completely rescued the HSP70::LUC

as well as the developmental phenotypes of entrl.

Figure 2. arp6-10 displays developmental and architectural

phenotypes of warm grown plants.

(A-D) arp6-10 flowers significantly earlier than wild-type
under long-day (A, B) and short day conditions (C, D) at 22
°C. When grown in short days at 27 °C (E, F), arp6-10 shows a
very strong thermal induction of flowering. In comparison,
wild-type flowering time is similar to arp6-10 at 22 °C. (x-
axis shows the number of rosette leaves at the time of
flowering, y-axis shows the corresponding number of plants).
(G, H) In addition to the flowering time phenotypes, arp6-10
displays all the architectural responses of wild-type plants
grown at high temperature. arpé6-10 seedlings at 17°C, show
hypocotyl (G) and petiole elongation (H) that is equivalent to
the wild-type phenotype at higher temperatures. (Petiole
elongation was analysed on the first four true leaves of 20-

day-old wild-type and arpé6-10 seedlings). See also Figure 8.

Figure 3. The temperature transcriptome is globally mis-

regulated in arpé6-10.

Genes that are 2 fold up- (A) or down-regulated (B) in wild-
type seedling within 2 hours of shifting to 27 °C are

constitutively repressed or activated in the arp6-10
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background. Similarly genes that are 2 fold up- (C) or down-
regulated (D) in arp6-10 compared to the wild-type at 12 °C (0
h) were down- or up-regulated in the wild-type upon shift to
27 °C. Median and mean values are represented respectively by
the solid and dotted horizontal 1lines. 5th and 95th

percentiles represent outlier values (dots).

(E) Comparison of arp6-10 induced genome-wide transcriptional
changes with responses to increasing temperature from 12 °C to
27 °C in wild-type. Whole genome scatter plot analysis of
expression log ratios. x-axis: comparison of wild-type after
24h at 27 °C with seedlings kept at 12 °C. y-axis: comparison
of arp6-10 grown at 12 °C with wild-type at 12 °C. The arp6-10
mutation accounts for nearly half (R = 0.466) of the changes
in the transcriptome 1in response to an increase 1in ambient

temperature.

Figure 4. H2A.Z occupancy varies as a function of ambient

temperature

(A7) HTA11:GFP expressed under the native ©promoter is
functional and complements the hta9 htall double mutant. The
hta9 htall mutant has an extended hypocotyl compared to Col-0
at 21 °C. This phenotype was completely rescued 1in three
independent lines expressing HTAI1:GFP under the native
promoter (left panel). HTAI1:GFP also complements the elevated
HSP70 expression in the hta9 htall double mutant (right

panel) .

(B) Enrichment of H2A.Z at the HSP70 promoter was analysed
using HTA11l:GFP. Formaldehyde cross-linked chromatin from
seven day old seedlings grown at 17 °C (open circles) or after
2 hours of incubation at 27 °C (closed circles) were digested
with MNase and were used for chromatin immunopurification
(ChIP) analyses. H2A.Z immuno-complex associated DNA fragments

were quantitatively analysed wusing tiling oligonucleotides
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(See Figure 4B). A region corresponding to the +1 nucleosome
is enriched in H2A.Z where as the -1 nucleosome has a much
reduced H2A.Z occupancy (inset bar graph, 4A). x-axis: the
nucleotide positions across HSP70 gene with respect to TSS. y-

axis: H2A.Z occupancy as a fraction of undigested input

chromatin. Values are mean * SD from one representative
experiment. Bar graph in the inset shows the -1 nucleosome in

detail as represented by the amplicon centred on -246 bp.

(C) ChIP analysis of cross-linked H3 on seedlings treated
similarly as above shows the well positioned nucleosomes of
HSP70 promoter. On temperature shift to 27 °C, H3 occupancy
changed at the +1 nucleosome where H2A.Z occupancy is high.
The relative change in H3 occupancy in response to temperature

shift was lower than that of H2A.Z.

(D) A gypsy like transposon gene (At4g07700) acts as a control
since it has positioned nucleosomes devoid of H2A.Z and it is
transcriptionally inactive and unresponsive to temperature
changes. ChIP analysis revealed no change in histone H3
occupancy at both 17 ©°C and 27 ©°C, indicating that H2A.Z
confers temperature specific responsiveness to nucleosomes. As
expected, HZ2A.Z occupancy was absent as measured by ChIP. See

also Figure 9.

Figure 5. H2A.Z occupancy dynamics are independent of the

transcriptional response.

(A - I) Genes with diverse transcriptional response were
analysed for H2A.Z occupancy in response to temperature shift.
H2A.Z occupancy 1s primarily determined by temperature,
independent of the specific transcriptional response. This
result indicates that H2A.Z containing nucleosomes confer
temperature information on chromatin, which could be
interpreted according to the respective regulatory environment

for appropriate gene expression. Upper panels show the
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transcriptional response upon shift to 27 °C. 0 h represents
sample from plants grown at 12 °C; 2h and 24 h are after shift
to 27 °C. H2A.Z occupancy dynamics upon shift to 27°C for 2h

is shown in the lower panel.

Figure 6. Chromatin architecture responds dynamically to

changes in ambient temperature.

(A) Chromatin architecture dynamics at HSP70 in response to
temperature in wild-type. Chromatin from seven day old
seedlings growing at 17 °C (open circle), 22 °C (closed
circle) and 27 °C (square) was MNase treated and analysed by
Q-PCR with tiled oligos. The +1 nucleosome of HSP70 exhibits a
robust response to increasing ambient temperature, with
nucleosome occupancy and temperature being negatively

correlated.

(B) arp6 shows a constitutive temperature response in terms of
chromatin architecture as measured by MNase accessibility. +1
nucleosome occupancy in arpé is consistently lower, even at 17

°C.

(C) Analysis of nucleosome occupancy dynamics in response to
temperature at At4g07700 reveals that consistent with the H3
data, nucleosomes at this locus are non-responsive to changes

in ambient temperature.

ChIP analysis for RNA Pol II at HSP70 in wild-type (closed
circle) and arpé6 (open circle) grown at 17 °C (D) or after 2h
of incubation at 27 °C (E). x-axis represents nucleotide
positions on HSP70 with respect to TSS; y-axis represents
fraction of input chromatin immunopurified using RNA Pol TII

antibody.

(F) Schematic representation of HSP70 +1 and -1 nucleosomes
showing the Hph I sites. Grey ovals represent nucleosomes,

oligo positions are indicated by arrows. (G-H) Temperature-
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dependent nucleosomal DNA accessibility assay for Hph I enzyme
in wild-type (G) and arp6-10 (H). Nucleosomes containing H2A
nucleosomes (-1 in wild-type and both -1 and +1 in arpé6-10)
show constitutive accessibility of restriction sites, whereas
H2A.Z containing nucleosomes occlude access. Relative amounts
of protected input nucleosomal DNA was calculated and was
normalised against the +1 nucleosome of At4g07700 where Hph I

does not cut. See also Figure 10.

Figure 7. H2A.Z containing nucleosomes can modulate

transcription in a temperature dependent manner.

At lower temperature, H2A.Z nucleosomes have a high level of
occupancy. H2A.Z nucleosomes may prevent transcription, either
by acting as a physical block to the progression of RNA Pol
ITI, or by occluding gene specific cis-elements from activating
transcription factors. For genes that are specifically
expressed at low temperature, H2A.Z occupancy may prevent the
binding of repressors or antagonise DNA methylation. A
chromatin-remodelling complex may relieve the nucleosomal
repression when appropriate components and conditions exist.
At higher temperature, H2A.Z nucleosome occupancy declines.
This leads to increased expression of genes like HSP70, where
transcription is limited by H2A.Z occupancy. For genes whose
expression 1is decreased at higher temperature, this 1loss of
H2A.Z may facilitate repressor binding. Conventional H2A
nucleosomes are depicted in light gray ovals and the degree of

H2A.Z occupancy is depicted in darker gray.

Figure 8. Temperature induced architectural phenotypes are

constitutive in arp6-10

(R) Hypocotyl elongation was quantified from 15-day-old
seedlings of WT and arpé6-10 grown at respective temperatures

were quantified. (B-D) Petiole elongation in first four leaves
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of 20-day-old seedlings of WT and arpé6-10 grown at 17 °C (B),
22 °C (C) and 27 °C (C) were quantified.

Figure 9. HTAll:GFP fusion protein is localized and functions

as the endogenous protein

Confocal microscopy reaveals the nuclear distribution of

HTA11l:GFP in the nucleus and exclusion from the
heterochromatic regions (A) consistent with the reported
pattern of the endogenous protein (Deal et al., 2007,
Zilberman et al., 2008). (B) Visualisation of an anaphase cell

shows the incorporation of HTA1ll:GFP into chromosomes. (C)
Chromatin immunoprecipitation analysis of MNase digested
chromatin from arpé6-10 shows the drastic reduction of H2A.Z
deposition into +1 nucleosome of HSP70. H2A.Z occupancy
profile of wild type Col-0 is shown as dotted 1line for
reference. Insert shows the arp6-10 profile alone. (D)
Chromatin from 17 °C grown seedlings as well as from those
shifted to 27 °C for 2h were digested with MNase and were used
for ChIP experiments using antibody against H2A.Z showing
temperature responsive H2A.Z dynamics. These results further
validate the HTA1l1:GFP protein fusion and our ChIP results
using the same. (E) ChIP for H2A.Z occupancy at the TSS
proximal region of FT, a key regulator of the thermal
induction of flowering. Consistent with the other results we
found that H2A.Z occupancy 1is at this locus 1is a function of

ambient temperature temperature.
Figure 10. HTZ1 regulates by temperature regulon in yeast.

Expression of genes assigned to be up- and down-regulated in
the htzld background (y-axis) (Meneghini et al., 2003) was
compared with gene expression on shifting from 29 °C to 33 °C
(x-axis) (Gasch et al., 2000). There is a strong correlation:
genes constitutively down-regulated in the htzlA Dbackground

tend to be those genes whose expression 1is inhibited on
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increasing temperature, while those genes whose expression
goes up at 33 °C tend to be more highly expressed in the htzlA
mutant at 30 °C. These results are consistent with a role for
Htzl containing nucleosomes to provide thermal information for
regulating the temperature transcriptome. Temperature induced
loss of Htzl from chromatin at higher temperatures may
contribute to the regulation of temperature responsive genes

(R 0.30, P < 0.001).

Figure 11. Peptide sequences encoding H2A.Z in Arabidopsis,

rice and maize and sequence alignment
Figure 12. Flowering data from HAC miRNA lines

Over-expression of an artificial microRNA targeting the HAC
genes 1in Arabidopsis results in delayed flowering. Two
representative stable transgenic lines #5 and #2 are shown with
the wildtype at two different time points, one at the time the
wildtype flowers (A) and many weeks later (B) to show the
extend of delayed flowering. The bar graph (C) shows the
flowering data in terms of leaf number at the time of
flowering. Dark bars represent rosette leaves and grey bar

represent cauline leaves.

DETAILED DISCLOSURE OF THE INVENTION

The present invention will now be further described. In the
following passages, different aspects of the invention are
defined in more detail. Each aspect so defined may be combined
with any other aspect or aspects unless clearly indicated to
the contrary. In particular, any feature indicated as being
preferred or advantageous may be combined with any other
feature or features indicated as being preferred or

advantageous.
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The practice of the present invention will employ, unless
otherwise indicated, conventional techniques of botany,
microbiology, tissue culture, molecular biology, chemistry,
biochemistry and recombinant DNA technology, which are within
the skill of the art. Such techniques are explained fully in

the literature.

Plants are highly sensitive to temperature and can perceive a
difference of as little as 1 °C. How temperature is sensed and
integrated in development is largely unknown. We have found
that the presence or absence of the alternative histone H2A.Z
in the nucleosome 1is essential for how a plant senses
temperature and temperature changes. Surprisingly, we have
found that the presence or absence of the alternative histone
H2A.Z in the nucleosome is an essential central point of
regulation 1in the perception of temperature and thus the
thermosensory response, which includes regulation of the
expression of a large number of temperature dependent genes
(the temperature transcriptome). Thus, although temperature
sensing and eliciting temperature-dependent responses is known
to be a complex biological process, the inventors have shown
that a central single regulator in this mechanism is H2A.Z.
Moreover, the inventors have shown that by modifying the
presence or absence of H2A.Z in the nucleosome, it is possible
to regulate the ways in which a plant perceives temperature
and thus to alter developmental response that are dependent on
temperature. It is therefore possible to alter a large variety
of temperature dependent responses, including developmental
responses in plants such as flowering, hypocotyl elongation

and petiole growth, by targeting this single regulator.

Thus, the methods of the invention relate to altering
temperature sensing in a eukaryotic organism, for example in a
plant, and thus modifying thermosensory responses by altering

the presence of H2A.Z in the nucleosome.
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As shown herein, the presence of H2A.Z in the nucleosome 1is
rate limiting for the expression of genes that are dependent
on increasing temperature. Thus, in a wild type organism,
H2A.Z is present in the nucleosome at cold temperatures. H2A.Z
responds to an 1increase 1in the ambient temperature and 1is
released from the nucleosome. This release 1induces the
expression of temperature dependent genes that are expressed
at higher temperatures, whilst cold temperature dependent
genes are no longer expressed. H2A.Z thus functions as a
temperature sensor and the presence or absence of this
regulator determines gene expression which in turn regulates
developmental responses that are normally induced by changes
in temperature. As discussed in the examples, when H2A.Z
deposition 1is prevented, plants display a constitutive warm
temperature response even in cold temperature, 1i.e. a response

that the plant would normally display in warm temperature.

As shown herein, genotypes deficient in incorporating H2A.Z
into nucleosomes phenocopy warm grown plants even when grown
at lower temperatures. As a skilled person will appreciate
responses to changes 1in temperature vary between different
plants, depending on the specific temperature threshold of the

plant. However, generally speaking, by warm grown plants 1is
meant plants grown at a temperature of about 20 °C to about 24
°C, for example about 22 °C or above for Arabidopsis. By cold
temperature is meant plants gown at a temperature of about 15
°C to about 19 °C, for example about 17 °C or below for

Arabidopsis. Other plants have different temperature optima.

Genotypes deficient in incorporating H2A.Z into nucleosomes
also show altered gene expression and the gene expression
profile is that typically shown by plants grown in warm
temperature conditions. Thus, nucleosomes containing H2A.Z
display distinct responses to temperature in vivo,

independently of transcription. Using purified nucleosomes, we
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are able to show that H2A.Z confers distinct DNA unwrapping
properties on nucleosomes, indicating a direct mechanism for
the perception of temperature through DNA-nucleosome
fluctuations. Our results show that H2A.Z-containing
nucleosomes provide thermosensory information that 1is used to
coordinate developmental responses and the ambient temperature
transcriptome. We observe the same effect in budding yeast,

indicating this is an evolutionarily conserved mechanism.

In a first aspect, the invention relates to a method for
altering temperature sensing in a eukaryotic organism

comprising modifying the presence of H2A.Z in the nucleosome.

In another aspect, the invention relates to a method for
altering thermosensory responses in a eukaryotic organism said
method comprising decreasing the 1level of H2A.Z in said
organism or altering post-translational modification of H2A.Z

or a combination thereof.

The eukaryotic organism according to the different methods of
the invention may be a plant, a vyeast, a fungus, an
invertebrate or a vertebrate. In one embodiment, the organism
is a plant. The organism may also be an isolated part of a
plant, such as a plant cell, for example a plant cell culture
or cell line. Thus, in one aspect, the invention relates to a
method for altering temperature sensing in a plant, a plant
cell culture or cell line comprising modifying the presence of
H2A.Z in the nucleosome and to a method for altering
thermosensory responses 1in a plant said method comprising
decreasing the 1level of H2A.Z in said organism or altering
post-translational modification of H2A.Z or a combination

thereof.
Where the organism is a plant, it may be a moncot or a dicot.

A dicot plant may be selected from the families including, but

not limited to Asteraceae, Brassicaceae (eg Brassica napus),
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Chenopodiaceae, Cucurbitaceae, Leguminosae (Caesalpiniaceae,
Aesalpiniaceae Mimosaceae, Papilionaceae or Fabaceae),
Malvaceae, Rosaceae or Solanaceae. For example, the plant may
be selected from lettuce, sunflower, Arabidopsis, broccoli,
spinach, water melon, squash, cabbage, tomato, potato, vyam,
capsicum, tobacco, <cotton, okra, apple, rose, strawberry,
alfalfa, Dbean, soybean, field (fava) bean, pea, lentil,
peanut, chickpea, apricots, pears, peach, grape vine or citrus

species. In one embodiment, the plant is oilseed rape.

Also included are Dbiofuel and Dbioenergy crops such as
rape/canola, linseed, lupin and willow, poplar, poplar
hybrids, Miscanthus or gymnosperms, such as 1loblolly pine.
Also included are crops for silage (maize), grazing or fodder
(grasses, clover, sanfoin, alfalfa), fibres (e.g. cotton,
flax), building materials (e.g. pine, oak), pulping (e.qg.
poplar), feeder stocks for the chemical industry (e.g. high
erucic acid o0il seed rape, linseed) and for amenity purposes
(e.g. turf grasses for golf courses), ornamentals for public
and private gardens (e.qg. snapdragon, petunia, roses,
geranium, Nicotiana sp.) and plants and cut flowers for the
home (African violets, Begonias, chrysanthemums, geraniums,

Coleus spider plants, Dracaena, rubber plant).

A monocot plant may, for example, be selected from the
families Arecaceae, Amaryllidaceae or Poaceae. For example,
the plant may be a cereal crop, such as wheat, rice, barley,
maize, oat sorghum, rye, onion, leek, millet, yam, buckwheat,

turf grass, Italian rye grass, sugarcane or Festuca species.

Preferably, the plant is a crop plant. By crop plant is meant
any plant which is grown on a commercial scale for human or

animal consumption or use.
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Preferred plants are maize, wheat, rice, oilseed rape,
sorghum, soybean, potato, tomato, grape, barley, pea, bean,
field bean, lettuce, cotton, sugar cane, sugar beet, broccoli

or other vegetable brassicas or poplar.

However, the invention also applies to other eukaryotic
organisms. Therefore, in other embodiments, the organism is a
yeast or fungus. For example, many of processes mediated in
the brewing, Dbaking and fermenting industries are very
dependent on temperature responses of the cultured yeast
strains. Since the H2A.Z nucleosome eviction pathway 1is
extremely highly conserved across the eukaryotes, this
provides a means to alter the responses of commercially
important yeasts to temperature in a targeted fashion using

the methods described herein.

The different ways in which the method for altering
temperature sensing and the method for altering thermosensory

response are envisaged are set out below.

According to the methods of the invention, the presence of
H2A.Z in the nucleosome can be modified in a number of ways.
These include altering, decreasing or inhibiting expression of
genes that encode H2A.Z. Various methods known to a skilled
person can be used to achieve this, for example using RNA
interference (siRNA) technology. Alternatively, the presence
of H2A.Z in the nucleosome can be modified by altering the
status of H2A.Z, for example the post-translational
modification status of H2A.Z. This includes post-translational
modifications such as acetylation, ubiquitination and
methylation. The presence of H2A.Z in the nucleosome can also
be modified by altering assembly of H2A.Z into the nucleosome

or eviction of H2A.Z from the nucleosome.

Thus, 1in one embodiment of the methods of the invention, the

invention relates to modifying the presence of H2A.Z in the
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nucleosome by decreasing the level of H2A.Z peptide or protein
in said organism said method comprising decreasing or
inhibiting the expression of one or more nucleic acids
encoding for H2A.Z. According to this embodiment, the level or
amount of H2A.Z peptide or protein 1is reduced, for example so
that substantially no H2A.Z peptide or protein is produced in
said organism. Thus, no or little H2A.Z can be incorporated
into the nucleosome. The reduced level or substantial lack of
H2A.Z 1in the nucleosome influences temperature sensing and
transcriptional control of genes that respond to changes in
temperature and therefore temperature dependent developmental
processes. This leads to the induction of a constitutive warm

temperature response even in cold temperature conditions.

As a skilled person will appreciate, different methods known
in the art can be employed to decrease or inhibit the
expression of one or more nucleic acids encoding for H2A.Z
according to the methods of the invention. For example, said
nucleic acid(s) may be silenced using RNA interference. This
comprises for example expression of a simple antisense RNA,
hairpin RNA, a natural or artificial microRNA or other RNA
interference methods known in the art. Plants with reduced or
no expression of H2A.Z encoding nucleic acid(s) may also be
selected from a mutagenised population through Targeting-

induced Local Lesions IN Genomes (TILLING) (Till et al., 2006).

H2A.Z is universally conserved in eukaryotic organisms and has
been identified in mammals, birds, Drosophila, yeast,

tetrahymenea and plants.

In plants, there are several nucleic acids that encode H2A.Z.
For example, 1in Arabidopsis, the four H2A.Z genes are HTAS
(At2g38810), HTA9 (Atlg52740), HTA4 (At4gl3570) and HTAII
(At3g54560).
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H2A.Z has been identified in different plants and nucleic acid
sequences encoding H2A.Z can be accessed on public databases.
Plant H2A.Zs are very well conserved across different taxa,
including algae, maize, mosses, rice and sorghum. H2A.Z
sequences from algae, mosses, rice, sorghum have conserved N-
terminal acetylatable lysines (K) as 1in Arabidopsis. A
comparison of the ©peptide sequences encoding H2A.Z in
Arabidopsis, rice and maize shows that these sequences are
highly conserved (see figure 11). Thus, a skilled person would
be able to modify any plant H2A.Z according to the methods

disclosed herein.

In another embodiment of the methods of the invention, post-
translational modification of H2A.Z is modified to alter the
presence of H2A.Z in the nucleosome and/or alter thermosensory
responses in the organism. This can for example be achieved as

set out below.

For example, the extent to which H2A.Z is acetylated can be
modified. Acetylation reversibly modifies histones and thus
chromatin structure. Acetylated chromatin 1is 1less tightly
folded and therefore more accessible to interacting proteins.
Site specific acetylation leads to activation of transcription
whereas deacetylation represses transcription. Hyper-
acetylated histone loosens contact with DNA, thus making

nucleosome core particles less rigid.

Histone tails are normally positively charged due to amine
groups present on their lysine (K) and arginine (R) amino acid
residues. These positive charges help the histone tails to
interact with and bind to the negatively charged phosphate
groups on the DNA backbone. Acetylation of 1lysine (K), which
occurs normally in a cell, neutralizes the positive charges on
the histone by changing amines into amides and decreases the

ability of the histones to bind to DNA. This decreased binding
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allows chromatin expansion, permitting transcription to take

place.

The acetylation of histones is regulated by histone
acetyltransferase enzymes (HAT) . HATs are enzymes that
acetylate conserved lysine amino acids on histone proteins by
transferring an acetyl group from acetyl CoA to form &-N-
acetyl lysine. Acetylation can be reversed Dby histone
deacetylation (HDAC) -enzymes. HDACs remove acetyl groups,
increasing the positive charge of histone tails and
encouraging high-affinity binding between the histones and DNA
backbone. The increased DNA binding condenses DNA structure,
preventing transcription. Acetylation occurs predominantly in
the highly conserved N-terminus of histones and at lysine (K)
residues. H2A.Z sequence is highly conserved amongst
eukaryotic organisms and comprises a number of acetylation
sites. Arabidopsis H2A.Z proteins contain at least 4 to 5
potentially acetylatable K residues in its N-terminal tail, a
feature that 1s conserved across different H2A.Z sequences
across different plant species. Thus, according to the methods
of the invention, the conserved acetylatable K residues in the

N-terminal tail of plant H2A.Z proteins can be targeted.

According to the methods of the invention, one or more
acetylation sites of H2A.Z can be targeted to decrease or
increase the degree of acetylation or to substantially prevent
acetylation of H2A.Z thereby altering the presence of H2A.Z in
the nucleosome and/or altering thermosensory responses in the

organism.

For example, site-directed mutagenesis of a gene sequence
encoding for a H2A.Z peptide or protein can be used to change
one or all of the K residues to a non-acetylatable residue
(H2A.z"). For example, the non-acetylatable residue may be

arginine (R) or another amino acid residue.
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Mutagenesis of acetylatable K residues reduces or prevent
acetylation. Reduced acetylation sites prevent the access of
HATs, subsequent acetylation, transformation of chromatin into
a less rigid structure and transcription of genes that are
transcribed at elevated temperature conditions. Thus, reducing
acetylation sites produces a H2A.Z" that has a high affinity
for DNA, and will not be evicted from the nucleosome at higher
temperatures, preventing the transcription of genes that would
normally be transcribed at higher temperatures and therefore
developmental responses that would normally occur 1in response

to higher temperatures.

In another embodiment, a gene sequence encoding a H2A.Z
peptide or protein can be modified to introduce further
acetylation sites resulting 1in a hyper-acetylated H2A.Z
protein. This facilitates release of H2A.Z from the
nucleosome. H2A.Z absence from the nucleosome results in a
constitutive warm  temperature response even at colder
temperature, as the transcription of genes that are responsive
to higher temperature is induced whilst the transcription of

genes that are responsive to cold temperature is repressed.

The altered gene sequences described above can be expressed in
the organism using expression vectors commonly known in the
art. The mutated sequence may be part of an expression
cassette comprising a promoter driving expression of said
sequence. Said promoter may be the endogenous promoter, a
constitutive promoter, or a tissue specific promoter. Using a
tissue specific promoter, it 1is possible to drive expression
of the transgene in a tissue specific way thus altering
temperature sensing in a particular tissue. In plants, the
tissue specific promoter may for example be selected from the
TaPR60 Promoter that has been demonstrated to be specifically
active 1in endosperm transfer cells in wheat and barley and

starchy endosperm in rice (Kovalchuk et al., 2009), the
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OsPR602 and OsPR9a promoters from rice which are specific for
endosperm transfer cells (Li et al., 2008), the granule-bound
starch synthase 1 (gbssl) promoter which is specific to the
grain filling process in wheat (Kluth et al., 2002), the napA
promoter from rape for seed specific expression in crucifers,
the E4, E8 or 2all promoter from tomato or the AGPLI promoter
from water melon for fruit specific expression and the TA29
promoter from tobacco or the A9 promoter from Arabidopsis for

anther/tapetum specific expression.

Overexpression using a constitutive promoter in plants may be
carried out using a strong promoter, such as the cauliflower
mosaic virus promoter (CaMVv35S), the rice actin promoter, the
maize ubiquitin promoter, the rice ubiquitin rubi3 promoter or
any promoter that gives enhanced expression. Alternatively,
enhanced or increased expression can be achieved by using
transcription or translation enhancers or activators and may
incorporate enhancers into the gene to further increase
expression. Furthermore, an inducible expression system may be
used, such as a steroid or ethanol inducible expression system

in plants.

In another embodiment of the methods of the invention, enzymes
that acetylate or de-acetylate H2A.Z are targeted to alter the
presence of H2A.Z in the nucleosome and/or alter thermosensory
responses 1in the organism according to the methods of the

invention.

In one embodiment of the methods of the invention, acetylation
of the H2A.Z peptide or protein may be decreased or inhibited
by decreasing or inhibiting HAT activity. For example, one or
more nucleic acid sequence that encodes a HAT enzyme may be
silenced using RNA interference. A construct directed against
a conserved region of the HAT family may be used to decrease
the 1levels of HAT transcript. Also, HAT activity may be

decreased or inhibited by altering a nucleic acid sequence
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that encodes a HAT enzyme by site directed mutagenesis to
decrease activity of the enzyme. Plants with reduced or
little expression of HAT encoding nucleic acid(s) and/or
mutated HAT protein(s) with decreased or no enzyme activity
may be selected from a mutagenised population through TILLING
(Till et al., 2006).

This will reduce the amount of acetylation of H2A.Z and thus
prevent eviction of H2A.Z from the nucleosome. This leads to a
decrease of the expression of genes requiring H2A.Z eviction
from the nucleosome for their expression and thus a decrease
or inhibition of developmental responses that would normally

be induced by high temperature.

In another embodiment, expression of nucleic acid sequence
that encodes a HAT enzyme 1is increased, for example by
introducing into said organism one or more nucleic acids
encoding HAT or otherwise altering HAT activity, for example
by mutagenesis of one or more nucleic acid sequence encoding
HAT. The expression of the nucleic acid sequence may be driven
by the endogenous, constitutive or a tissue specific promoter.
This will increase the amount of acetylation and thus increase

release of H2A.Z from the nucleosome.

In another embodiment, the acetylation status of the H2A.Z
peptide or protein in the nucleosome may be increased by
decreasing or inhibiting HDAC activity. Decreasing or
inhibiting HDAC activity prevents or reduces the removal of
the acetyl group from H2A.Z. This results in reduced binding
between H2A.Z and DNA and thus release of H2A.Z from the
nucleosome and thus expression of genes that respond to high

temperatures.

According to another embodiment of this aspect of the
invention, histone deacetylase (HDAC) enzymes are expressed at

enhanced 1levels or HDAC activity 1is otherwise altered, for
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example by mutagenesis of one or more nucleic acids encoding
HAT. This prevents release of the H2A.Z from the nucleosome
from the nucleosome as acetyl groups are removed. For example,
one or more genes encoding for a HDAC -enzyme may be
constitutively expressed in the organism. A tissue specific

promoter may be used.

H2A.Z 1is assembled into the SWR1 nucleosome by the chromatin
re-modelling machinery. The components of this complex have
been shown to be highly conserved amongst eukaryotes. For
example, ARP6 in Arabidopsis has been shown to be responsible
for inserting H2A.Z into the nucleosome in plants and is part
of the SWR-1 complex. Depletion of ARP6 in mutants results in
the failure to incorporate H2A.Z into chromatin and

constitutive expression of the warm temperature transcriptome.

Several plant ARP6 homologues have been identified and are
highly evolutionarily conserved across the plant kingdom. For
example, analysis of the respective nucleic acid sequences for
ARP6 homologue of rice, maize, capsella, and mosses reveals
that these are highly similar to that of Arabidopsis
indicating conservation across plants. Thus, a skilled person
would be able to identify and modify an ARP6 homologue

according to the methods of the invention.

By modifying components of the chromatin re-modelling
machinery, for example a histone chaperone, the insertion or
assembly of H2A.Z into the nucleosome can be prevented. Thus,
in one embodiment of the methods of the invention, the
presence of H2A.Z in the nucleosome <can be altered by
modifying the components of the <chromatin re-modelling
machinery. For example, in one embodiment, expression of one
or more genes that encode one or more proteins involved in the
insertion of H2A.Z into the nucleosome can be inhibited, for

example by RNA interference. This leads to a lack of H2A.Z in
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the nucleosome and thus a constitutive warm temperature
response. Factors that may be targeted include Thistone
chaperones and members of the SWR-1 complex. For example, in
plants ARP6 or a homologue or orthologue thereof may be
targeted. Other targets may include histone chaperones that
promote assembly, such as ©NAPl, CHZl1 or a homologue or

orthologue thereof.

In another embodiment of the methods of the invention,
components of the chromatin remodelling machinery, for example
a histone chaperone, may be targeted to prevent disassembly of
H2A.Z from the nucleosome. For example, genes that encode such

factors may be silenced.

As mentioned elsewhere, the presence or absence of H2A.Z in
the nucleosome induces thermosensory responses. As stated
above, 1in one aspect, the invention therefore relates to a
method for altering thermosensory responses 1in a eukaryotic
organism, for example a plant, said method comprising
decreasing the 1level of H2A.Z 1in said organism or altering
post-translational modification of H2A.Z or a combination

thereof.

The ways of decreasing the level of H2A.Z in said organism or
altering post-translational modification of H2A.Z are
explained in detail above and apply to the different
embodiments of this aspect of the invention. For example, the
expression of one or more nucleic acids encoding for H2A.Z may
be decreased or inhibited as explained above. For example,

said nucleic acid is silenced using RNA interference.

In another embodiment, post-translational modification such as
acetylation may be changed as explained above. For example,
site-directed mutagenesis of a gene sequence encoding for a
H2A.Z peptide or protein can be used to change one or all of

the K residues to a non-acetylatable residue (H2A.z") or to
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introduce further acetylation sites. Moreover, as detailed
above, the expression of one or more nucleic acid sequence
encoding HDACs or HATs may be decreased, inhibited or enhanced

to alter thermosensory responses.

For example, a mutant H2A.Z protein may be produced by
expressing a nucleic acid sequence encoding a H2A.Z protein
wherein said nucleic acid sequence has been altered to remove
one or more acetylation sites, for example by altering a codon
encoding an acetylatable K residue 1in said nucleic acid
sequence by replacing or altering a nucleotide within said
codon to produce a protein with non acetylatable residue. In
another embodiment, a mutant H2A.Z protein may be produced by
expressing a nucleic acid sequence encoding for a H2A.Z
protein wherein said nucleic acid sequence has been altered to
introduce one or more additional acetylation sites. As
explained elsewhere, promoters according to the invention may
be either the endogenous, a constitutive or a tissue specific

promoter.

Altering post-translational modification according to the
method may also comprise inhibiting or decreasing the
expression of one or more nucleic acid sequence encoding for a
HDAC enzyme to reduce or 1inhibit deacetylation of H2A.Z or
expressing one or more nucleic acid sequences encoding a HDAC

enzyme to increase removal of acetyl groups in H2A.Z.

In another embodiment, altering post-translational
modification according to the method may also comprise
inhibiting or decreasing the expression of one or more genes
encoding for a HAT enzyme to inhibit acetylation or expressing
one or more nucleic acid sequences encoding a HAT enzyme to

increase acetylation of H2A.Z.
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Expression of said nucleic acid sequences according to the
method may be driven by the endogenous, a constitutive,

inducible or a tissue specific promoter.

Thermosensory responses are those responses that are observed
in an organism in response to changes in temperature. These
include changes in gene transcription. In plants, genes such
as HSP70 are up-regulated at higher temperatures. HSP70 gene

transcription follows a proportionate pattern with increasing

temperature over a wider range (about 12°C to 237 °C) changes
in gene transcription (of the temperature transcriptome) and
can therefore be used as a marker gene which indicates up or
down-regulation of the temperature transcriptome.
Transcriptional changes also influence developmental processes
and in plants an increase of temperature affects a number of
developmental processes, such as flowering, hypocotyl
elongation and petiole growth. It also leads to an increase in
the rate of transition through different developmental phases.

Juvenile to adult transition is therefore accelerated by

higher ambient temperature. An increase 1in temperature leads
to acceleration of flowering time, greater hypocotyl
elongation, petiole growth, germination, and general

acceleration of plant growth and development.

According to the methods of the invention, the thermosensory
responses 1in a plant that <can be altered by the method
described above and said responses include one or more of and
preferably all of the following developmental responses: seed
dormancy release, germination, hypocotyl elongation, petiole
growth, vernalisation, juvenile to adult transition,

flowering, senescence and temperature-protective responses.

In one embodiment, the entirety or totality of the
thermosensory response in a plant is modified. Thus,

substantially all of the developmental and transcriptional
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responses that a plant shows 1in response to changes in
temperature can be altered by increasing or decreasing the
level of H2A.Z in said organism or altering post-translational

modification of H2A.Z or a combination thereof.

Another aspect of the invention relates to a method for
inducing a warm temperature response in a eukaryotic organism
comprising inhibiting or decreasing the presence H2A.Z in the
nucleosome. The response may be constitutive and is induced
even in temperatures which would normally be perceived as cold
temperatures by said plant. The method may include modifying
the expression of one or more gene encoding for H2A.Z,
increasing the acetylation status of H2A.Z or preventing

assembly of H2A.Z into the nucleosome as described herein.

As shown herein, inhibiting or decreasing the presence H2A.Z
in the nucleosome in plants leads to an induction of responses
that would normally be seen under high temperature conditions

(about 222°C). The mutant plants phenocopy wild type plants

growing at a higher temperature (around 5 °C higher than the
actual temperature). Although a skilled person would
appreciate that the temperature that determines a warm
temperature response varies depending on the plant species,

generally speaking, a warm temperature in plants response is a

response that 1is shown at about 20 °C to about 24 °C, for

example about 222°C in Arabidopsis.

Thus, in one embodiment, crops that require a certain
threshold temperature for proper growth and vyield can be
manipulated using the methods of the invention to reduce that
temperature threshold. This is of particular benefit for crops

that are grown in the greenhouse.

Another aspect of the invention relates to a method for
inducing a cold temperature response in a eukaryotic organism

comprising inhibiting or decreasing the eviction of H2A.Z from
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the nucleosome. The response may be constitutive. The method
may include preventing acetylation status of H2A.Z or
preventing disassembly of H2A.Z from the nucleosome as
described herein. For example in plants, the mutant plants

phenocopy wild type plants growing at a lower temperature (<17

°C). Although a skilled person would appreciate that the
temperature that determines a cold temperature response varies
depending on the plant species, generally speaking, a cold

temperature response in plants is therefore a response that is

shown at about 15 °C to about 19 °C, for example about <17 °C
in Arabidopsis. Other plants have different temperature optima

as a skilled person will appreciate.

The invention also relates to methods for producing a
eukaryotic organism, for example a plant, that shows a
constitutive warm temperature response, even in cold
temperatures and under conditions in which such response would
not normally be displayed. Thus, in one embodiment, the
invention relates to a method for producing a plant that shows
a constitutive warm temperature response said method
comprising inhibiting or decreasing the presence H2A.Z in the
nucleosome. The method may include modifying the expression of
one or more genes encoding for H2A.Z, increasing the
acetylation status of H2A.Z or preventing assembly of H2A.Z

into the nucleosome as described herein.

In another aspect, the invention relates to a method for
producing a eukaryotic organism, for example in a plant, that
shows a constitutive cold temperature response, even in high
temperatures and under conditions in which such response would
not normally be displayed. Thus, in one embodiment, the
invention relates to a method for producing a plant that shows
a constitutive cold temperature response said method
comprising inhibiting or decreasing the eviction of H2A.Z from

the nucleosome. The method may include preventing acetylation
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status of H2A.Z or preventing disassembly of H2A.Z from the

nucleosome as described herein.

The invention also provides a plant H2A.Z molecule in which
some or all of the acetylatable lysines of the molecule have

been replaced by non-acetylatable amino acid residues.

The invention further provides a plant comprising a novel
H2A.Z molecule in which some or all of the lysines of the
molecule have been replaced by non-acetylatable amino acid

residues or a nucleic acid sequence encoding such a molecule.

Furthermore, the invention provides a plant comprising a non-
acetylatable version of histone H2A.Z, an over-expressed
histone deacetylase enzyme sufficient to remove histone
acetylation marks in H2A.Z, or a down regulated histone

acetyltransferase activity.

According to the aspects above, the plant may be selected from

the plants recited elsewhere herein.

Another aspect of this invention is to provide a method to
enhance yield in crop plants by altering temperature sensing
as according to the embodiments described above. In one
embodiment, this aspect relates to a method to enhance grain-
fill, grain composition or grain quantity in grain crops or to
prevent premature flowering or bolting. In particular, the
method relates to enhancing yield in crop plants by altering
temperature sensing to allow said crop to reach its yield
potential even at temperatures higher than those at which
grain-fill 1s typically 1limited, or to avoid premature
bolting/flowering following exposure to temperature conditions

that typically cause such premature bolting.

As mentioned above, many harmful eukaryotic micro-organisims
use temperature perception as a signal to induce pathogenesis,

for example Histoplasma capsulatum and Candida albicans
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(Nguyen and Sil, 2008). Therefore, the ability to selectively
perturb temperature perception in these organisms would
provide means to prevent pathogenesis. Since the components of
the deposition and eviction machinery are highly conserved,
they make very good targets for small molecule inhibition.
Furthermore, since the yeast would still be viable without
undergoing pathogenesis, selection for resistant strains would

be weak.

Therefore, in another aspect, the invention also relates to a
method for inhibiting pathogenesis of a eukaryotic micro-
organism comprising altering temperature sensing in a
eukaryotic organism comprising modifying the presence of H2A.Z
in the nucleosome. Ways of altering temperature sensing are
described herein. Moreover, small molecule therapies can be

used to target the system.

Other objects and advantages of this invention will Dbe
appreciated from a review of the complete disclosure provided

herein and the appended claims.

While the present invention has been generally described
above, the following non limiting examples are provided to
further describe the present invention, its best mode and to
assist in enabling those skilled in the art to practice this
invention to its full scope. The specifics of these examples

should not be treated as limiting, however.
EXAMPLES

EXPERIMENTAL PROCEDURES

Unless otherwise stated herein, materials and methods used

were as described here:

Genetic screens for temperature perception
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All experiments were carried out in Col-0 Dbackground. A
forward genetic screen of fast neutron mutagenized population
of HSP70::LUC reporter strain was carried out to identify
mutants perturbed in the ambient temperature ©perception
pathway (seeds irradiated at HAS KFKI-Atomic Energy Research
Institute, Hungary). Seven-day-old seedlings were incubated at
12 'C for 48 h before shifting to 27 C for three hours and
screening for LUC expression by spraying with Luciferin. The
entr mutations were identified as having significantly higher
LUC induction than the reporter line. ENTRI was identified as
ARP6 through a microarray-based transcript analysis. Genomic
fragment of containing ARP6 genomic fragment (Parps::ARP6) was

used to complement entrl mutants.

Transcript analysis

Transcript analyses were done on total RNA was extracted using
Trizol (Invitrogen) Labeled targets were  hybridized to
Affymetrix  ATHI array according to the manufacturer's
instructions. Microarray data were analyzed using GenespringGX

7.3 (Agilent).

Chromatin Immuno-purification (ChIP)

ChIP was performed as described (Gendrel et al., 2002) with
minor modifications. Seven-day-old seedlings grown at 17°C
were shifted to 27°C for 2 hours and ChIP experiments were
performed in parallel on chromatin from both temperatures. For
H2A.Z and H3 ChIP, cross-linked chromatin was fragmented with
0.2 units of Micrococcal nuclease (Sigma) in 1 ml of MNase
digestion buffer (10 mM Tris-HCl [pH 8.0], 50 mM NaCl, 1 mM B-
mercaptoethanol, 0.1% NP40, 1 mM CaCl, and 1x protease
inhibitor cocktail [Roche]). Digestion was stopped using 5 mM
EDTA. HTAll, one of the Arabidopsis H2A.Z homologues, was GFP
tagged and ChIP was performed using GFP polyclonal antibody

(Abcam, ab290). Histone H3 dynamics were assayed using H3
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antibody (Abcam, abl791). For RNA polymerase II occupancy
dynamic experiments chromatin was fragmented by sonication in
lysis buffer (10 mM Tris-HCl [pH 8], 150 mM NaCl, 1 mM EDTA
[pH 8], 0.1% deoxycholate and 1x protease inhibitor cocktail)
and ChIP was performed using monoclonal antibody to RNA
polymerase II CTD repeat YSPTSPS (Abcam, ab817). All ChIP
experiments were performed in buffer containing 10 mM Tris-HC1
[pH 8.0], 5 mM EDTA [pH 8.0], 150 mM NaCl, 1 % Triton X-100
and 1x protease inhibitor cocktail. Relative enrichment of
associated DNA fragments were analysed by quantitative PCR
(gPCR) . All oligonucleotide sequences used for target DNA
detection and quantification in ChIP experiments are given in
supplementary material. Each ChIP experiment was repeated at
least three times and the data presented are from a

representative experiment.

Nucleosome positioning

Micrococcal nuclease (MNase) digestion of enriched chromatin
followed by gPCR using tiled oligonucleotides surrounding the
transcription start site (TSS) was used for nucleosome
positioning and analysis. Oligos were designed to have 95-110
bp amplicons every 35-45 bp in the HSP70 promoter. For
nucleosome positioning, chromatin from seven-day-old seedlings
of Col-0 and entrl grown at varying temperatures (17 °C, 22
°C, 27 °C) were digested with MNase and mononucleosome sized
fragments were gel purified and wused 1in gPCR. Relative
nucleosome occupancy was represented as fraction of uncut
chromatin DNA and was plotted against the HSP70 gene position
with respect to the TSS for each primer pair where the position

denotes the center of each amplicon.

Nucleosome purification by hydroxyapatite chromatography
Seedlings growing at 17 °C were frozen in liquid nitrogen

without cross-linking and chromatin was prepared as for the
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ChIP experiments. Following MNase digest for 15 min at 17 °C,
chromatin fragments were bound to hydroxyapatite and
nucleosomes devoid of linker histones and other associated
proteins were purified according to (Brand et al., 2008).
Purified nucleosomes were buffer exchanged to 10 mM Tris-HCl
(pH 8.0), 1 mm EDTA (pH 8.0), 25 mM NaCl and 1x protease
inhibitor cocktail. Approximately 500 ng equivalent of
nucleosomal DNA was assayed for restriction enzyme
accessibility at 17 °C and 27 °C. The fraction of the input
nucleosomal DNA protected was obtained using gPCR for HSP70 -1
and +1 nucleosomes. Data represented are normalized against
the +1 nucleosome of At4g07700 that does not have a

restriction site.
EXAMPLE 1

HSP70 is an output of the ambient temperature sensing pathway

To identify the major ambient temperature responses in
seedlings, we analysed the transcriptomes of 12 day old plants
grown at 12 °C and shifted to 27 °C. We found that 2454 genes
are upregulated at least 2-fold under these conditions and
2880 genes are 2-fold down-regulated (the ambient temperature
transcriptome; Figure 1A). As in similar studies, there was
not a significant induction of stress markers, suggesting that
this temperature range is not causing heat stress
(Balasubramanian et al., 2006) . We found that HSP70
(At3gl12580), 1s strongly up-regulated at higher temperature
(Figure 1B). While this transcriptome 1is characterised by a
response to ambient temperature change, we wanted to determine
if any of these genes were also responsive to differences in
constant growth temperature, since the transcriptional output
of a thermosensory pathway should be different at wvarious
constant temperatures. We therefore analysed the behaviour of
the induced ambient temperature transcriptome genes in

publicly available data for plants grown at 12 °C, 17 °C, 22
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°C and 27 °C ( NASCARRAYS-147
(http://affymetrix.arabidopsis.info/narrays/experimentpage.pl?

experimentid=147).). We found HSP70 1s expressed at a level
proportionate to the ambient temperature within this
temperature range (Figure 1C). While these experiments were
performed on seedlings, HSP70 also shows these expression
dynamics in the adult plant (Balasubramanian et al., 2006). We
therefore used a fusion of the HSP70 promoter to Luciferase
(HSP70::LUC) to monitor the activity of the endogenous gene
non-destructively. HSP70::LUC recapitulates the expression of
HSP70 (Figure 1D), providing us with a dynamic and sensitive
assay for temperature perception status in planta, independent
of high temperature stress (Larkindale and Vierling, 2008;

Sung et al., 2001).
EXAMPLE 2

ARP6 is in the ambient temperature sensing pathway that

controls flowering

To identify genes required to control the ambient temperature
transcriptome, we screened 2,600 individual M2 families of
fast neutron irradiated HSP70::LUC seedlings. Two mutations,
entrl and entr2 (enhanced temperature responsel and 2),
displayed a constitutively higher LUC expression (Figure 1E).
Genetic analysis using a complementation cross revealed that
these mutations are allelic. Transcript based cloning revealed
that the ARP6 transcript is absent in both entrl and entr2
(Figure 1F). Transformation of entrl with a genomic fragment
of ARP6 is able to rescue both the HSP70::LUC expression level
as well as the altered development of entrl (Figure 1G),
confirming that it 1is a new arp6 allele. We will refer to
entrl and entr2 as arp6-10 and arp6-11 respectively.
Arabidopsis mutants in ARP6 have been identified in flowering
time screens (Choi et al., 2005; Deal et al., 2005; Martin-
Trillo et al., 2006). To determine if ARP6 acts in the ambient
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temperature pathway for flowering, we analysed flowering in
arp6-10. Consistent with earlier reports, arp6-10 flowers
earlier at 21 °C in long and 22 °C in short days (Figure 2A-
2D) . We then studied the response of arp6-10 to 27 °C in short
days, since the thermal induction of flowering 1s most
pronounced in short days (Balasubramanian et al., 2006).
Remarkably, arp6-10 flowers with about 5 leaves in short days
at 27 °C (Figure 2E and 2F). ARP6 therefore acts in the

ambient temperature pathway that controls flowering.
EXAMPLE 3

ARP6 controls developmental responses to ambient temperature

globally

Specific adaptive changes occur to plant architecture 1in
response to higher ambient temperature, including increases in
hypocotyl growth and petiole elongation (Gray et al., 1998;
Koini et al., 2009). We analysed these traits to see if arpé6-
10 exhibits a global high temperature response in 1its
architecture as well as HSP70 expression and flowering time.
We find that architecture responses are strongly enhanced in
the arpé background (Figure 2G and 2H and FIGURE 8), such that
arp6 plants grown at 17 °C exhibit greater hypocotyl
elongation and petiole growth than wild-type plants grown at
22 °C, with an equivalent difference between 22 °C and 27 °C.
These phenotypes have been shown to be dependent on the PIF4
transcription factor (Koini et al., 2009), so it 1is not
surprising that we still observe a temperature-induced
difference, even in the arp6-10 mutant. A functional ARP6 1is
required however for controlling the correct level of
expression of these phenotypes. A longstanding observation in
plant biology is that thermal time is a key measure for the
rate of transition through the developmental phases, and that

phase transition is accelerated by higher ambient temperature
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(Poethig, 2003) . In addition to the flowering time
acceleration in arp6-10, we observe a more rapid juvenile to
adult transition (data not shown), consistent with earlier
studies (Martin-Trillo et al., 2006). Thus arp6-10 causes a
specific wup-regulation of all the developmental decisions
known to be regulated by temperature that we have examined.
Plants deficient in ARP6 therefore display a constitutive warm

temperature developmental program.
EXAMPLE 4

The ambient temperature transcriptome is globally misregulated

in arpé

To determine if the global mis-regulation of developmental
responses 1in the absence of ARP6 occurs at the transcriptional
level, we compared the ambient temperature transcriptomes of
arp6-10 and wild-type. While 2,454 genes are upregulated 2-
fold or more on shifting from 12 °C to 27 °C in wild-type
(Figure 3A, grey Dbars), we observe this ambient temperature
transcriptome is consistently expressed in arpé6-10, even at 12
°C (Figure 3A, Dblue bars). Interestingly, this effect reflects
more than a constitutive up-regulation of gene expression per
se, since the 2880 genes that are down regulated at least 2-
fold on increasing temperature in wild-type (Figure 3B, grey
bars) are also constitutively repressed in arpé6-10. Thus,
transcriptionally, the arpé6-10 mutant at 12 ©°C resembles a
plant at a higher temperature. In a reciprocal analysis,
transcripts that are 2-fold more highly expressed at 12 °C in
arp6-10 compared to wild-type (Figure 3C, Dblue bars) are
strongly induced by higher ambient temperature in wild-type,
while those genes that are repressed in arpé6-10 compared to
wild-type at 12 °C (Figure 3D, blue bars), are
transcriptionally repressed by higher temperature in wild-type
(Figure 3D, grey bars). These results show that in the absence

of ARPG6, the ambient temperature regulated genes are
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constitutively mis-expressed. To determine what proportion of
the entire ambient temperature transcriptome is ARP6 dependent
we compared the change of gene expression 1in response to
higher ambient temperature in wild-type with the change in
expression resulting from arp6-10 at constant temperature.
Remarkably, there 1is a strong correlation for the entire
transcriptome: a functional ARP6 allele accounts for almost
half of the ambient temperature transcript responses (R? =
0.466, P < 0.001). ARP6 is therefore necessary for
coordinating the transcriptome in response to ambient

temperature.
EXAMPLE 5

H2A.Z occupancy changes with temperature

ARP6 encodes a subunit of the SWR1 complex that 1is conserved
among eukaryotes and is necessary for inserting the
alternative histone H2A.Z into nucleosomes 1in place of H2A
(Deal et al., 2007; Kobor et al., 2004; Krogan et al., 2003;
Mizuguchi et al., 2004). There are several H2A.Z family
members in Arabidopsis, and we find the hta9 htall double
mutant phenocopies arp6-10, showing the early flowering and
architectural responses as well as increased HSP70 expression.
This indicates that the temperature responses of arp6-10
result from a failure to incorporate H2A.Z-containing
nucleosomes into the genome. Global analyses in yeast,
Drosophila, C. elegans, Arabidopsis and mammalian cells have
revealed that H2A.Z-containing nucleosomes are especially
enriched at the +1 position near the transcriptional start
site (Creyghton et al., 2008; Mavrich et al., 2008; Raisner et
al., 2005; Whittle et al., 2008; Zhang et al., 2005; Zilberman
et al., 2008). H2A.Z has been implicated in maintaining
promoters of quiescent genes 1in a poised state ready for
appropriate transcription (Li et al., 2005). A possible

explanation for the central role of ARP6 in regulation of the
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temperature transcriptome is that H2A.Z-containing nucleosomes
confer a temperature dependence on transcription. To test if
H2A.Z dynamics change 1in response to temperature, we used
chromatin immunopurification (ChIP) to follow HZ2A.Z occupancy
at the HSP70 promoter in response to different ambient
temperatures. We used HTAII:GFP expressed under the endogenous
HTA11 promoter for our ChIP experiments. This construct
complements the hta9 htall double mutant (Figure 4A), showing
that HTAI1:GFP is functional. Microscopy of HTA1ll:GFP reveals
incorporation into euchromatin as in other studies (Figure 9A

and 9B) (Zilberman et al., 2008).

ChIP analysis revealed a greatly depleted H2A.Z occupancy at
the HSP70 promoter in arp6-10 (Figure 9C), suggesting that the
increased HSP70 expression in arp6-10 is a consequence of this
change in chromatin architecture, as indicated by the hta9
htall phenotype. To see if temperature affects H2A.Z occupancy
at HSP70, we compared seedlings grown at 17 °C with seedlings
shifted to 27 °C for two hours. Consistently, at 17 °C, where
expression of HSP70 1is 1low, we observe a high occupancy of
H2A.Z at the +1 nucleosome (Figure 4B). This occupancy 1is
however very temperature dependent, with H2A.Z occupancy
decreasing sharply at 27 °C compared to 17 °C (Figure 4B). We
have validated our ChIP results using an H2A.Z antibody (Deal
et al., 2007) that gives similar results (Figure 09D). These
results are consistent with a model where H2A.Z occupancy 1is
rate limiting for the transcription of temperature responsive
genes, and the occupancy of H2A.Z responds to temperature. To
determine whether the Dbehaviour we observe 1is specific to
H2A.Z or 1is a general property of nucleosomes in response to
temperature, we carried out parallel ChIP studies using
histone H3 specific antibody. Upon shifting to 27 °C, H3
levels at the +1 nucleosome drop, though not to the extent of

H2A.Z (Figure 4C). Interestingly at the -1 nucleosome, where
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H2A.Z occupancy is reduced, H3 levels did not drop
significantly. This suggests that H2A.Z-containing nucleosomes
exhibit specific dynamic responses to temperature. Since RNA
Pol II must negotiate +1 nucleosomes for transcription to
occur, this suggests a model where gene transcription may be
controlled by the temperature responsive occupancy of +1

nucleosomes.

The changes we observe 1in H3 occupancy at HSP70 may be a
consequence of H2A.Z nucleosomes having a temperature specific
response. We therefore extended our analysis to the TSS of
another locus, At4g07700, chosen since it does not contain
H2A.Z (Zilberman et al., 2008) and it is largely
transcriptionally silent, avoiding complicating factors
arising from RNA Pol II mediated displacement of nucleosomes,
as well as being predicted to have a well ordered nucleosome
structure using a recent model (Kaplan et al., 2009). ChIP
analysis with H3 specific antibody showed the predicted
nucleosome occupancy. ChIP analysis revealed there was no
significant change in H3 occupancy at this locus upon shifting
to 27 °C (Figure 4D). This is consistent with our findings for
the -1 nucleosome of HSP70 where there 1is 1little or no H2A.Z
incorporation, and H3 levels do not show significant
temperature responsive dynamics. These results suggest that
H2A.Z 1is the major determinant temperature responsiveness of

chromatin.

To test if this response is unique to HSP70, we examined the
TSS proximal regions corresponding to the presumptive +1
nucleosomes of a number of other temperature up-regulated
genes (Figure 5A-5C). Consistently, all these genes show a
sharp reduction in H2A.Z occupancy at 27 °C. Since it has been
shown that FT is an essential output of the thermosensory
pathway for mediating early flowering, we sought to see 1if

H2A.Z is present in the FT promoter and if it is
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thermoresponsive. Although FT is not significantly expressed
in seedlings, eviction of H2A.Z may be necessary to confer
transcriptional competence on the FT locus. Analysis of global
H2A.Z occupancy data (Zilberman et al., 2008) revealed that
H2A.Z is enriched in the FT promoter. We therefore assayed for
H2A.Z changes at FT 1in response to temperature change.
Consistently, we observe H2A.Z depletion from the FT promoter
at higher temperatures (Figure 9E), suggesting an explanation

for the acceleration of flowering in arpé.
EXAMPLE 6

Eviction of H2A.Z occurs independently of transcription

We have shown that H2A.Z occupancy decreases dynamically with
increasing temperature at the +1 nucleosomes of temperature-
induced genes. Since temperature-dependent histone eviction
may be a consequence of greater transcriptional activity, and
is not necessarily the cause, we sought to determine if H2A.Z
eviction occurs independently of transcription. To test this,
we analysed genes that are -enriched for H2A.Z in their
promoters and are either down regulated or show constant
expression 1in response to increased temperature. We then
performed ChIP to assay H2A.Z occupancy in response to ambient
temperature change (Figure 5D-5I). We observed a significant
decrease 1in H2A.Z occupancy across all the genes examined,
independent of their transcriptional response to temperature.
This result suggests HZ2A.Z-containing nucleosomes have a
binding affinity or occupancy as measured by ChIP that varies
with temperature. This is independent of transcription, which
is analogous to the behaviour of nucleosomes at the Hsp70
locus of Drosophila (Petesch and Lis, 2008). Since the
presence of H2A.Z-containing nucleosomes 1is rate-limiting for
the expression of the majority of the genes in the ambient

temperature transcriptome, this suggests that H2A.Z responses
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to temperature play a key role in integrating temperature

information.
EXAMPLE 7

The HSP70 +1 nucleosome shows a constitutive temperature

response in arpé

Since we have found that H2A.Z nucleosomes are evicted at
higher temperature, we analysed the nucleosome structure of
the HSP70 promoter at different temperatures by studying MNase
accessibility. MNase digests nucleosome-free DNA and the
linker regions between nucleosomes, while the DNA of the
nucleosomes themselves 1is protected from digestion (Petesch
and Lis, 2008). For plants grown at 17 °C, 22 °C and 27 °C, we
observed a sharp drop in nucleosome occupancy with greater
temperature (Figure 6A), which helps us understand how HSP70
transcription increases with temperature. By comparison, the
+1 nucleosome of HSP70 in the arpé background is
constitutively in the open conformation, even at 17 °C (Figure
6B), at which temperature there 1is significant nucleosome
occupancy in wild-type. At higher temperatures, we also
observe a decrease in the -1 occupancy, which is 1likely a
consequence of greater transcriptional activity. This decrease
in -1 occupancy appears to be H2A.Z independent. Consistently,
the nucleosome structure of At4g07700, which does not contain
H2A.Z nucleosomes, does not change with temperature (Figure

6C) .

The results so far are consistent with a model where
expression of HSP70 may be regulated at the 1level of
nucleosome occupancy. For RNA Pol II to transcribe target
genes, it must be able to overcome the physical barrier posed

by nucleosomes (Knezetic and Luse, 1986; Lorch et al., 1987).

Numerous studies indicate that nucleosomes at genes induced to

undergo transcription dissociate or partially unwrap from
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their DNA, allowing passage of RNA Pol II, and the presence of
nucleosomes, especially the +1 nucleosome near the
transcriptional start site, can be rate limiting for
controlling transcription (Boeger et al., 2008; Boeger et al.,
2003). Under heat shock conditions, nucleosomes at the
Drosophila Hsp70 locus are lost from the body of the gene in
advance of the arrival of RNA Pol II, indicating that the
nucleosomes are able to play a role in regulating

transcription (Petesch and Lis, 2008).

RNA Pol II ChIP was used to study transcriptional dynamics at
HSP70 in wild-type and arpé6-10. At 17 °C in wild-type, we
observed a greater proportion of RNA Pol II present at the TSS
compared to in the body of the gene. By comparison, in arpé6 a
greater proportion of RNA Pol II is present in the body of the
gene (Figure 6D). At 27 °C there is a strong shift of RNA Pol
IT occupancy, with the highest peak now occurring downstream
of the TSS. Since this new RNA Pol II peak corresponds to the
region occupied by the +1 nucleosome, it is 1likely that in
wild-type at non-inductive conditions the +1 nucleosome plays
a role in maintaining transcription in a poised state. Upon
increasing temperature, the presence of Pol II on the gene
body increases considerably (Figure 6E). This 1is consistent
with studies in C. elegans and Drosophila, which have
suggested that H2A.Z +1 nucleosomes may maintain RNA Pol II in
a poised state (Mavrich et al., 2008; Whittle et al., 2008).
The presence of H2A.Z containing nucleosomes 1s therefore

rate-limiting for the upregulation of HSP70.
EXAMPLE 8

H2A.Z nucleosomes wrap DNA more tightly

We have found that in the absence of H2A.Z incorporation,
canonical H2A containing nucleosomes are unable to prevent

constitutive expression of the warm temperature transcriptome
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of both up- and down-regulated genes. This difference could
result directly from a difference in the behaviour of H2A.Z
nucleosomes, or may reflect the effect of other factors
recruited by H2A.Z. To distinguish between these two
possibilities, we purified nucleosomes from plants grown at 17
°C wusing hydroxyapatite chromatography following a partial
MNase digest. It has recently been demonstrated that RNA Pol
IT does not actively unwrap nucleosomes, but depends on
fluctuations that locally unwrap DNA for it to transcribe its
template (Hodges et al., 2009). Since the invasion of RNA Pol
IT into nucleosomal DNA 1is the rate 1limiting step for
transcription, we assayed the exposure of restriction enzyme
sites occluded by H2A.Z and H2A nucleosomes at 17 °C and 27 °C
(Figure 6F and 6G). This assay provides a direct measure of
the degree of local unwrapping and exposure of nucleosomal DNA
(Polach and Widom, 1995). The H2A-containing -1 nucleosome of
HSP70 displays a greater accessibility as compared to the
H2A.Z containing +1 nucleosome at both 17 °C and 27 °C. This
greater accessibility of H2A-containing nucleosomes provides
an explanation for the greater transcription of HSP70 in the
arp6 background where  H2A.Z is not incorporated into
chromatin. The rate of exposure of these sites appears to
increase with higher temperature, suggesting that local
fluctuations of the nucleosomal DNA increase with temperature.
Since there might be subtle differences in the accessibility
of the Hph I site between the -1 and +1 nucleosomes, we
purified nucleosomes from arpé. In this material both
nucleosomes contain H2A, and as we would predict, they are
both equally accessible (Figure 6H). These results show that
H2A.Z containing nucleosomes wrap DNA more tightly, and higher
temperatures may overcome this. Since these nucleosomes were
purified from plant material, we do not exclude that post-
translational modifications, for example acetylation, may be

involved in modulating this response. Importantly, our assay
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is performed on highly purified material, indicating that the
dynamic responses we observe are an inherent property
resulting from the nucleosome-DNA interactions. Our finding
that the degree of local unwrapping of DNA on H2A.Z containing
nucleosomes is reduced compared to H2A nucleosomes suggests a
direct mechanism by which transcription can be adjusted

according to the temperature of the cell.
EXAMPLE 9

The role of H2A.Z in controlling the temperature transcriptome

is conserved

Since temperature changes represent a fundamental challenge to
all sessile organisms, we sought to determine if control of
temperature transcriptomes might be a conserved function of
the H2A.Z nucleosomes in eukaryotes generally. To test this,
we analysed the role of the budding yeast H2A.Z, Htzl, in
temperature signalling. The Htzl transcriptome has Dbeen
previously determined (Meneghini et al., 2003), and we
therefore tested to see if those genes that are mis-regulated
in the htzlA background also show a corresponding change when
wild-type yeast are shifted from 29 °C to 33 °C (Gasch et al.,
2000) . Strikingly, we see a significant correlation (R® = 0.30,
P < 0.001), with genes that are up-regulated at higher
temperatures tending to also be upregulated in htzlA and vice
versa (Figure 10). This 1is the same relationship we have
observed in Arabidopsis (Figure 3E), showing that the loss of
H2A.Z containing nucleosomes phenocopies cells at higher
temperature. These data suggest that warm temperature signals
are mediated through H2A.Z nucleosomes in yeast as well as

plants.
EXAMPLE 10

Expression non—-acetylatable (mutant) version of H2A.Z
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Arabidopsis encodes three major H2A.Z genes (HTA8, HTA9 and
HTA11l). Mutation of the two major genes HTA9 and HTAIl (in
hta9 htall double mutants) phenocopy arpé6 mutant indicative of
enhanced temperature reponse. We have been able to complement
the hta9 htall double mutant phenotype by expressing HTAll

from its native promoter.

A 2786 bp genomic region of HTAI1Il (At3g54560) including 1589
bp promoter region and coding sequences (genomic cordinates

Chromosome 3: 20194677 - 20197463) was amplified using oligos

W11l60 (5"CACCGAAATGTTTTTCTCTACG 37) and Wllé61l
(5'CTCCTTGGTGGTTTTGTTGA 37). The amplified fragment was
cloned into pENTR vector (invitrogen) according to the

manufacturer’s instructions. pENTR-HTAIl was then wused for
further mutagenesis experiments. PCR mediated site-directed
mutagenesis was used to mutate conserved lysine residues in

the N-terminal tail of HTAII.

Lysine residues at positions 4,7, 13, 19 and 21 of HTAll N-
teminus were selected for mutagenesis. The wild type HTAll
with all five lysine residues intact 1s hereafter mentioned

HTA11-KKKKK.

Oligos W1443(5’" TCAAGAGACATGGCAGGCAGAGGTGGAAGAGGACTCGTAGCTGCG
37) and Wl444 (57
CGCAGCTACGAGTCCTCTTCCACCTCTGCCTGCCATGTCICTTGA 3’) were used
for targeted mutagenesis of lysine’s residues 4 (K,) and K; to
arginines (R) using HTA11-KKKKK as template. The resulting

plasmid was named HTA1l-RRKKK.

Oligos W1445(5’ GGACTCGTAGCTGCGAGGACGATGGCTGCTAAC 37) and
W1l446 (5’ GTTAGCAGCCATCGTCCTCGCAGCTACGAGTICC 3') were used for

targeted mutagenesis of lysine’s residues 13 (K;3) to arginines
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(R)using HTA11-KKKKK as template. The resulting plasmid was

named HTA1l1l-KKRKK.

Oligos W1447(5" GACGATGGCTGCTAACAGGGACAGAGACAAGGACAAGAAG

3") and W1448 (5’ CTTCTTIGTCCTTGTCTCTGTCCCTGTTAGCAGCCATCGTC 3')
were used for targeted mutagenesis of lysine’s residues 19 and
21 (Ki9, K;1) to arginines (R)using HTA11-KKKKK as template. The

resulting plasmid was named HTA1l1l-KKKRR.

Oligos W1l445(5" GGACTCGTAGCTGCGAGGACGATGGCTGCTAAC 37) and
Wl446 (5" GTTAGCAGCCATCGTCCTCGCAGCTACGAGTCC 3') were used for
targeted mutagenesis of lysine’s residues 13 (Kj3) to arginines
(R)using HTA11-RRKKK as template. The resulting plasmid was

named HTA1l1l-RRRKK.

Oligos W1447(5’ GACGATGGCTGCTAACAGGGACAGAGACAAGGACAAGAAG

3") and W1448 (5" CTTCTTGTCCTTGTCTCTGTCCCTGTTAGCAGCCATCGTC 3')
were used for targeted mutagenesis of lysine’s residues 19 and
21 (Kj9, Kz1) to arginines (R)using HTA11-RRRKK as template. The

resulting plasmid was named HTA1l1-RRRRR.

Wild type (HTA11-KKKKK) and mutagenized versions of HTAll
(HTA11-RRKKK, HTA11-KKRKK, HTA1l1-KKKRR, HTA11-RRRKK and HTAll-
RRRRR) were transferred to a binary gateway vector pW1l357 by
recombination so as to have c-terminus fusions of the proteins
with 3xFLAG tag. FLAG tagged wild type and mutant versions of
HTA1ll are used to transform hta9 htall double mutant as well

as Col-0 wild type.

EXAMPLE 11

Knocking out (or knocking down) acetyltransferase enzyme gene

The HAC family of Arabidopsis histone acetyl transferase

family consists of five genes Atlg79000 HACI, Atlg67220
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(HAC2), Atlg55970 (HAC4), At3gl2980 (HACS) and Atlgl6710
(HAC12). Artificial microRMA (miRNA) design using Web MicroRNA
Designer (http://wmd3.weigelworld.org/cgi-bin/webapp.cgi) .
miRNA was amplified as suggested

(http://wmd3.weigelworld.org/downloads/Cloning_of_artificial_m
icroRNAs.pdf) using oligos . Amplified miRNA was cloned into
PENTR vector and there after into binary transformation vector
pW545 through recombination to create 35S::HACmiRNA(pW1009).
Agrobacterium strains harboring the binary vector pWl009 was
used to transform Arabidopsis Col-0. Preliminary analysis of
the transgenic lines revealed a delayed flowering phenotype
consistent with the expectation. These transgenic lines are
analysed in detail to characterize ambient temperature

response.

EXAMPLE 12

Overexpressing deacetylase enzymes

Protein coding sequences of one or more of the histone
deacetylase (HDAC) genes are amplified from a cDNA library,
and are cloned into pENTR vector and there after transferred
to a binary vector under the control of a constitutive CaMV35S
promoter. Arabidopsis plants were transformed with the binary

vector harbouring Agrobacterium to obtain transgenic lines.

Nucleosomes as temperature responsive regulators of

transcription

Nucleosomes play an active role in controlling transcriptional
processes through modulating the ability of transcription
factors to access their cis elements or occluding the passage
of RNA Pol II (Lam et al., 2008; Segal and Widom, 2009).
Access of proteins to DNA wrapped around histones is mediated

through 1local unwrapping events. This unwrapping 1is not
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affected by changes in ambient temperature in our study and
others for H2A-containing nucleosomes (Polach and Widom,
1995). By contrast, H2A.Z-containing nucleosomes exhibit a
much tighter wrapping of their DNA, consistent with studies of
nucleosomal stability (Thambirajah et al., 2006). This 1is
supported by the observation that H2A.Z-containing nucleosomes
are more tightly positioned in the genome and are less fuzzy.
Work on reconstituted nucleosomal arrays has also shown that
the intranucleosomal interactions are stronger in H2A.Z-
containing nucleosomes, while these have weaker
internucleosomal interactions (Fan et al., 2002). In addition
to H2A.Z-containing nucleosomes having more tightly wrapped
DNA, our results suggest that the degree of unwrapping may
also be responsive to temperature. This result suggests a
direct mechanism by which temperature may influence gene
expression, since it has been shown that RNA Pol II does not
actively invade nucleosomes, but waits for local unwrapping of
DNA from nucleosomes before extending transcription (Hodges et
al., 2009). In this way, genes with a paused RNA Pol II will
show increased transcription with greater temperature as local
unwrapping 1s increased (Figure 7). For those genes whose
transcription decreases with temperature, we propose dJgreater
temperature increases the frequency with which transcriptional
repressors may bind. The presence of H2A.Z-containing
nucleosomes in these genes may ©prevent binding of a
transcriptional repressor, or may antagonise DNA methylation
which has Dbeen shown to be a role of H2A.Z in ©plants
(Zilberman et al., 2008) . Consistently, H2A.Z-containing
nucleosomes have been shown to play an important role in anti-

silencing (Meneghini et al., 2003).

A large number of genes that are both up- and down-regulated
in arp6-10 and exhibit a corresponding change with increased
temperature. Furthermore, we observe the same de-regulation of

the warm temperature transcriptome in the htzlA mutant in



WO 2011/083290 PCT/GB2010/050956
51

yeast, suggesting this 1s a conserved function of H2A.Z
containing nucleosomes. Importantly, there are many
physiological responses to temperature, and undoubtedly many
mechanisms for sensing and responding to temperature in
different organisms. For example the PIF4 transcription factor
mediates the high temperature architecture phenotypes in
plants (Koini et al., 2009). Our mechanism for H2A.Z-
containing nucleosomes provides an attractive model for how
these transcriptional responses may be integrated with
temperature status. On theoretical grounds it has been shown
that regulating transcription at multiple levels greatly

improves robustness and adaptivity (Tsankov et al., 2006).
Connections between thermosensing and flowering pathways

Arabidopsis thaliana has a highly plastic life history, and a
genetically informed photothermal model is able to explain
most of the variation in flowering time for plants grown at
different seasons (Wilczek et al., 2009). Acceleration of
flowering in response to higher temperature requires genes in
the autonomous pathway (Blazquez et al., 2003), and 1is
dependent on increasing expression of FLOWERING LOCUS T (FT)
(Balasubramanian et al., 2006; Cerdan and Chory, 2003;
Halliday et al., 2003; Lee et al., 2007).

Flowering is one of the major developmental pathways regulated
by ambient temperature. It has been shown that two autonomous
flowering pathway genes, FVE and FCA, are necessary for
mediating the ambient temperature response for flowering
(Blazquez et al., 2003). Interestingly, an arpé6 allele, esdl-
2, 1s epistatic to fve and fca (Blazquez et al., 2003; Martin-
Trillo et al., 2006). FVE 1is a homolog of the mammalian
retinoblastoma-associated protein, a component of a histone
deacetylase complex (Ausin et al., 2004; Kim et al., 2004). As
well as affecting the autonomous pathway, which regulates

flowering time through the floral pathway integrator FLOWERING
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LOCUS C (FLC), FVE 1is also involved in sensing cold
temperatures (Kim et al., 2004). Taken together, these data
suggest that FVE may exert its effects on temperature-
dependent pathways through modulating H2A.Z, perhaps through
acetylation, which affects nucleosome stability (Ishibashi et
al., 2009; Thambirajah et al., 2006) . Although the
thermosensory flowering pathway is mediated by FT expression
levels, the major regulator of FT expression 1in response to
long photoperiods, CONSTANS (Co), is not essential for
perceiving temperature, since co-1 responds to thermal
induction of flowering (Balasubramanian et al., 2006). Our
observation that the chromatin status at the FT locus responds
to temperature and is altered in the absence of H2A.Z provides
an explanation for how the thermal induction pathway may
activate FT expression in response to higher temperature
independently of co. Interestingly, another temperature
dependent pathway that also affects flowering time in plants,
vernalisation, 1is also perturbed in the arpé background (Choi
et al., 2005; Deal et al., 2007). A vernalisation requirement
in certain Arabidopsis genotypes 1is suppressed by arpé6. This
effect 1is mediated through FLC, a floral repressor whose
expression is dependent on the SWR1 complex. Interestingly, in
a large field experiment it was found that natural temperature
fluctuations were likely to be sufficient for overcoming FLC
induced repression of flowering in Arabidopsis (Wilczek et
al., 2009). Temperature fluctuations of this type are likely
to signal through H2A.Z dynamics, which is consistent with the
observation that perturbation of H2A.Z in arp6 is sufficient
to overcome a vernalisation requirement (Choi et al., 2005;

Deal et al., 2005; Martin-Trillo et al., 2006).

Temperature perception and climate change

While many plants have shown a rapid acceleration of flowering

time in response to climate change (Fitter and Fitter, 2002),
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species that do not are going locally extinct at a high rate
(Willis et al., 2008). This indicates that phonological
responses to temperature change are of high adaptive value. A
molecular understanding of the mechanism of temperature
perception will enable us to understand how different species
will respond to further increases in temperature and be a key

step towards breeding crops able to withstand climate change.

Example 13

Transformations of barley and brassica

Barley plants are transformed with the vector pBRACT214 for
constitutive overexpression of the altered H2A.Z non-
acetylatable versions under the Ubiquitiin promoter. Brassica
are transformed with the vector pBRACT103 for expression of

non-acetylatable H2A.Z versions of H2A.7Z.

In this specification, references to prior art are not
intended to acknowledge or suggest that such prior art is
widely known or forms part of the common general knowledge in

the field either in Australia or elsewhere.

In this specification, the term ‘comprises’ and its variants
are not intended to exclude the presence of other integers,

components or steps.
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WHAT IS CLAIMED IS:

1. A method for altering temperature sensing in a eukaryotic
organism comprising wmodifying the presence or state of H2A.Z in

the nucleosome.

2. The method according to claim 1, wherein said organism is a

plant or a part thereof.

3. The method according to c¢laim 2, wherein said plant is
selected from the group consisting of rice, wheat, barley, soya,

brasgica, cdorn, rye, sorghum or sugarcane.

4. The wethod according to any one of the preceding claims,
wherein the presence of H2A.7Z in the nuclecosome ig modified by
decreasing the level of H2A.Z in said organism, altering post-
translational modification of H2A.Z, inhibiting the assembly of
H2A.Z into the nucleosome or inhibiting disassembly of the H2A.Z

from the nucleosome.

5. The method according to claim 4, whevein the presence of
H2A.Z in the nucleosome is modified by decreasing the level of
H2A.Z in saild organism said method comprising decreasing or
inhibiting the expression of one or more nucleic acid seqguence

encoding H2A4A,7Z.

6. The method according to claim 5, wherein said nucleic acid is

gilenced using RNA interference.

7. The wethod according to claim 4, wherein the presence of
H2A.Z in the nucleosome is modified hy altering post-

translational modification of H2A.Z said method comprising:
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a) producing a mutant H2A.Z protein wherein sald mutant H2A.Z
protein has no acetylation sites, a reduced number of

acetylation sites or increased acetylation sites or

b) altering the expression of a nucleic acid sequence encoding a
histone dJdeacetylase (HDAC) enzyme or altering the activity of

HDAC oxr

¢} altering the expression of a nucleic acid sequence encoding a
histone acetyltransferase (HAT)enzyme or altering the activity

of HAT;
ocr combinations thereaof.

8. The wmethod according to claim 7 comprising producing a
mutant H2A.Z protein said method comprising expressing a nucleic
acid seqguence encoding a H2A.Z protein wherein said nucleic acid
sequence has been altered to remove one or more acetylation

gites.

9, The method according to c¢laim 8, wherein said method
comprises altering a codon encoding a lysine (K) residue in said
nucleic acid sequence by replacing a nucleotide within said

codon to produce a protein with non acetylatable residue.

10. The wmethod according to c¢laim 7 comprising producing a
mutant H2A.Z protein said method comprising expressing a nucleic
acid sequence encoding a H2A.Z protein wherein said nucleic acid
sequence has been altered to introduce one or more acetylation

sites,

11. The method according to claim 10, wherein salid method

comprises altering a codon in said nucleic acid segquence by
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replacing or altering a nucleotide within said codon to produce

a codon encoding a lysine (K).

12. The wmethod according to claim 7 comprising inhibiting or
decreaging the expression of one or more genes encoding a HDAC

enzyme to reduce or inhibit deacetylation of H2A.Z.

13. The method accoxding te claim 7 comprising expressing one or
more nucleic acid sequences encoding a HEDAC enzyme to increase

removal of acetyl groups in H2A.Z.

14. The wethod according to c¢laim 7 comprising inhibiting or
decreasing the expression of one or more genes encoding for a

HAT enzyme to inhibit acetylation.

15. The method according to claim 7 comprising expressing one or
more nucleic acid sequences encoding a HAT enzyme to increase

acetylation of H2A.Z.

16. The method according to c¢laim 13 or <c¢laim 15 wherein
expression of said nucleic acid sequence 1is driven Dby the

endogenous, a constitutive or tissue specific promoter.

16. The wmethod according to claim 7 comprising inhibiting the
assembly of H2A.Z into the nucleosome or inhibiting disassembly

of the H2A.Z from the nucleosome.

17. A wmethod for altering thermosenscory responses 1in &
eukaryotic organism wherein the method comprises decreasing the
level of H2A.Z in said organism or altering post-translational

modification of H2A.Z or a combination thereof.
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18. The method according to claim 17, wherein said thermosensory
responses include up or downregulation of temperature dependent

genes.

19. The method according to claim 17, wherein said organism is a
plant and said thermosensory responses include developmental
regsponses selected from flowering, hypocotyl elongation and

petiole growth.

20. The method according to any one of claims 17 to 19, wherein
said thermosensory responses are altered by decreasing the level
of H2A.Z in saild organism said method comprising decreasing or
inhibiting the expression of one or more nucleic acids encoding

for H2A.Z.

21. The method according to claim 17, wherein said
thermosensory responses are altered by altering post -~

translational modification of H2A.Z said wethod comprising:

a) producing a mutant H2A.Z protein wherxein said mutant H2A.Z
protein has no acetylation sites, a reduced number of

acetylation gites or increased acetylation sites or

b} altering the expression of a nucleic acid sequence encoding a
histone deacetylase (HDAC) enzyme or altering the activity of

HDAC or

¢) altering the expression of a nucleic acid sequence encoding a
histone acetyltransferase (HAT)enzyme or altering the activity

of HAT;
or combilnations thereof.

22. A method for inhikiting the 1response of a eukaryotic

organism to an increase 1in ambient temperature comprising
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increasing the presgence of HZA.Z in the nucleosome or preventing
release of H2A.Z from the nucleosome, altering post -
translational modification of H2A.Z or inhibiting disassembly of

the H2A.Z from the nucleosome.

23. A wmethod for eliciting a warm temperature response in a
eukaryotic organism comprising inhibiting or decreasing the

presence H2A.Z in the nucleosonme.

24. A method for eliciting a cold tewmperature response
comprising inhibiting or decreasing the eviction of H2A.Z from

the nucleosome.

25. A method for producing a eukaryotic organism that shows a
constitutive warm temperature response comprising inhibiting or

decreasing the presence H2A.Z in the nucleocsone.

26. A method for producing a eukaryotic organism that shows a
constitutive cold temperature response comprising inhibiting or

decreasing the eviction of H2A.% from the nucleosome.

27. The method according to c¢laim 1 or claim 17, wherein said
organism 1is wheat oxr rice and wherein said wmethod enhances
grain-£fill, grain composition or grain quantity, or wherein said
method prevents premature flowering or bolting at temperatures
higher than those at which grain~fill typically occurs
efficiently, or at which grain composition and quantity is
typically perturbed or at which premature flowering or bolting

typically occurs.

28. A plant H2A.Z molecule in which some or all of the lysines
of said nolecule have been replaced with non-acetylatable amino

acid residues.
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29. A plant cowprising the H2A.Z according to claim 28 or a

nucleic acid sequence encoding said H2A.Z.
30. A plant comprising:

a) a non-acetyvlatable version of histone H2A.Z;

b) an over-expressed histone deacetylase enzyme sgufficient to

remove histone acetylation marks in H2A.Z; or

c) a down regulated histone acetyltransferase activity in said

organism;

or combinations thereof.

31. The plant H2A.Z or the plant of claim 30, wherein said plant
is selected from the group consisting of rice, wheat, barley,

soya, brassica, corn, rye, sorghum or sugarcansg.

32. A method for inhibiting pathogenesis of a eukaryotic micro-
organism comprising altering temperature gensing in a eukaryotic
micro-organism comprising modifying the presence of H2A.Z in the

nucleogsome.



WO 2011/083290 1/31 PCT/GB2010/050956

Figure 1

\\\\\\\\

HlIHnw

\

e
O

-

Narmalized expression {log)
Normalized expression {log)

, 9.01
1280 3790 RR \tt((;l . ’f , q'ﬁ F‘;{fﬁ

G.41



WO 2011/083290

Figure 1

log)

Normalized expression {

2/31 PCT/GB2010/050956
&
y‘j
‘\f(.
f\ 3
&
) «V““'"@
.‘.«w“‘ﬁ
- e ‘ .
12°%C 17C 229 276




2 S
0000000000000000000




PCT/GB2010/050956

4/31

WO 2011/083290

Figure 1

;
Ly
7,

. (Bop) uol

10 1
5

iIssaidye p

BZHELION

entrl

WT




WO 2011/083290 5/31 PCT/GB2010/050956
Figure 2
A 21°C LD
B s« WT W arp6-10
10
2]
>
&
3
Q.
kS
S
oo
®
v
R | LT —




PCT/GB2010/050956

6/31

WO 2011/083290

Figure 2

(-

o
MMM

ORI IS I IS IIIIIIIIR:

§

0
5
0

1mEm_Q Jo Jaguwinp

60

50

40

30

o
o™

10



PCT/GB2010/050956

7/31

WO 2011/083290

Figure 2

et

SIIIILI LI LA IEILIL LI II 15,

AL,

i
R 7 A
SIS AAASIIIIIIIIIIYS,

o]

< (ig]
LL, " sweid jo JequinN

60

50

40

30

O‘

2

10

mber

Leaf nu



WO 2011/083290 PCT/GB2010/050956

8/31

Figure 2




WO 2011/083290 PCT/GB2010/050956

9/31

Figure 2




PCT/GB2010/050956

10/31

WO 2011/083290

Figure 3

10

Uossaudx

12

o

vorssadny

01

28 24h

Oh

24h

Oh 2%

24h Gh 2k 24h

20

{h

arph-10

WT

10

aps

WY



WO 2011/083290 11/31 PCT/GB2010/050956
Figure 3
10

hisregulation in arp6-10
(251

-0 ,
10 4 10
Temperature reguiation {24h)



PCT/GB2010/050956

12/31

WO 2011/083290

Figure 4

(

"y kg

wiws) yibusy [AJ020dAH

s

#3

NEa kGt

Cobdl

“w

2 %]

GLOBN0L

= i)

E2) — 2

4 BrER Y

*#

g Aty

Lol




WO 2011/083290 PCT/GB2010/050956

13/31

Figure 4

N
X
NN
PR A
N
S
AN N
A
X
ey
BREER ER 0 i SRR

p98
)

P
1

Fraction of Input

5
t
o,
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>